We demonstrated photoluminescence ͑PL͒ enhancement in single carbon nanotubes using localized surface plasmons. Single nanotube spectroscopy revealed triple the PL intensity enhancement for carbon nanotubes on rough Au surfaces as on fused silica surfaces. The PL enhancement depends on the excitation wavelength and distance between the carbon nanotubes and the Au surface. The degree of PL enhancement is determined by the electric field enhancement from the localized surface plasmon and the energy transfer from the carbon nanotube to the metal surface. © 2010 American Institute of Physics. ͓doi:10.1063/1.3467834͔
The optical properties of single-walled carbon nanotubes ͑SWNTs͒ are of great interest both from a fundamental physics viewpoint and in terms of their potential applications.
1,2
SWNTs have unique optical properties, such as diameter ͑chirality͒-dependent energy gaps and near-infrared photoluminescence ͑PL͒, 3 and are among the most promising candidates for nanoscale optoelectronic devices. Exciton dynamics dominate the optical properties in SWNTs because the excited electrons and holes are strongly confined in onedimensional ͑1D͒ materials and form a bound exciton state due to strong Coulomb interactions. 4 Optical devices and applications such as light-emitting diodes, 5 single-photon sources, 6 and fluorescent biolabeling markers 7 have been demonstrated based on luminescence processes arising from exciton recombination in SWNTs. The performance of these optical devices and applications is directly determined from the PL quantum efficiency. Unfortunately, the reported PL quantum efficiencies in SWNTs are typically rather low. 8, 9 In addition to improving the quantum efficiency itself, the excitation and recombination rates of the excitons should be enhanced by modifying the external field, thereby improving the performance of the nanotube optical devices and their applications. The excitonic responses in semiconductor nanostructures can be modulated via interactions at the interface between the semiconductor and the metal nanostructures, since the localized surface plasmon creates a strong localized electric field near the metal nanostructure. [10] [11] [12] [13] We anticipate that localized surface plasmons will interact strongly with the excitons and will markedly modify the optical properties of SWNTs near metal surfaces.
In this paper, we report the PL properties of a single carbon nanotube on a rough metal surface. Single nanotube spectroscopy revealed triple the PL enhancement for SWNTs on rough Au surfaces. The detailed mechanism of plasmonassisted PL enhancement is discussed based on the electric field enhancement due to localized surface plasmons and the energy transfer from the SWNT to the metal surface.
The CoMoCAT SWNTs were isolated by dispersion in a solution of toluene with 0.07 wt % poly͓9,9-dioctylfluorenyl-2,7-diyl͔ ͑PFO͒ as specified in the procedure developed by Nish et al. 14 Single nanotube PL measurements at room temperature were taken under a wide-field luminescence microscope. The SWNTs were excited with linear-polarized laser diode ͑ = 785, 685, 658, 639, and 532 nm͒ and Ar + lasers ͑514.5 and 488 nm͒. The excitation power density on the sample was about 500 W / cm 2 . The SWNTs were dispersed directly on fused silica substrates or Au films with rough and flat surfaces 12 using a spin-coating technique. The roughsurface Au substrates were fabricated by an Ar + sputtering method and thermally annealed at 600°C under ϳ10 composed of particles with height differences of a root mean square ͑rms͒ value of 7 nm, and with lateral sizes ranging from 60 to 120 nm. In contrast, the topographic rms value for the flat Au surfaces was estimated at only about 0.5 nm. Figure 1͑a͒ shows the PL excitation map of PFOdispersed SWNTs. The distinct PL excitation peak shows that most of the SWNTs, including those in the PFOdispersed samples, have a ͑7,5͒ chiral index. 15 Figures 1͑b͒-1͑d͒ show PL images of ͑7,5͒ single carbon nanotubes on the fused silica, flat Au, and rough Au surfaces, respectively, obtained with an excitation wavelength of 658 nm. We used the rough Au substrate with a PMMA layer of 15 nm. The multiplication of the vertical axes of each image is indicated in the figure. Each peak for all the images comes from the PL signal from a single carbon nanotube. This significant PL intensity enhancement of the single carbon nanotubes on rough Au surfaces can be compared to the PL intensity on fused silica, while the PL intensity on the flat Au surface is even weaker than that on the fused silica. This experimental result indicates that the PL enhancement strongly depends on the metal's surface roughness.
We measured the PL intensities of about 100 single carbon nanotubes on each surface to quantitatively evaluate the PL intensity enhancement. Figures 2͑a͒-2͑c͒ show histograms of the PL intensity of single carbon nanotubes on fused silica, flat Au, and rough Au surfaces, respectively. The PL intensities on the fused silica are distributed because the carbon nanotubes align randomly on the substrate and the absorption probability strongly depends on the relative angle between the light polarization and the nanotube direction on the substrate. Furthermore, the length variation of the carbon nanotubes in the sonication processed samples 16 also contributes to a distribution in the PL intensities. The averaged PL intensity of the single carbon nanotubes on the rough Au surface, I metal , is observed to be about three times higher than that on the fused silica I 0 ; i.e., the averaged enhancement factor, I metal / I 0 , is estimated to be ϳ3. Note that the maximum reached PL intensity enhancement for the nanotube on the rough Au surface is ϳ10. Conversely, the PL enhancement is not observed in the histograms for the flat Au surface.
The electric field distributions on the rough metal surfaces were simulated by the three-dimensional ͑3D͒ finitedifference time-domain ͑FDTD͒ method to explain the experimentally observed PL enhancement. Figure 3͑a͒ shows the 3D model of the rough Au surface, derived from the topographic images in the inset of Fig. 1͑d͒ , used for the FDTD simulations. The complex Au dielectric constants were approximated using the Drude and Lorentzian model, and x-polarized plane-wave illumination ͑ = 658 nm͒ was used. Figure 3͑b͒ shows the simulated electric field intensity ͉E / E 0 ͉ 2 distributions at the z = 15 nm plane on the rough Au surface; the intensities of the electric field are normalized by those on the fused silica surface ͉E 0 ͉ 2 . The electric field intensity is concentrated, and typically 20-fold enhanced, at the edges of the metal structures in parallel with the polarization direction due to the localized surface plasmon resonance. The electric field distributions are spatially inhomogeneous with the maximum field intensity reached being 50 times higher in the small gap between the metal structures. Figure 4͑a͒ shows the absorption spectrum of the rough Au substrate with a PMMA layer. The absorption peak at around 600 nm comes from the localized surface plasmon resonance of the Au nanostructures. Note that the PL wavelength of ͑7,5͒ SWNTs is away from the localized surface plasmon resonances. In the PL process, both the excitation and emission processes contribute to the PL enhancement, with the absorption spectrum indicating that the excitation process plays an important role in the experimentally observed PL enhancement on the rough Au surfaces.
We measured the SWNT PL enhancement on the rough Au surface, I metal / I 0 , with varying excitation wavelengths and plotted the results in Fig. 4͑a͒ . The PL enhancement depends on the excitation wavelength and the results show the maximum value around 600-700 nm. This experimental result is almost the same as the absorption peak due to the surface plasmon resonance.
We also measured the PL intensity enhancement on the rough Au substrate with a PMMA layer by varying the distance between the carbon nanotubes and the Au surface. The nominal distance between the two is controlled by changing the thickness of the PMMA layer. Figure 4͑b͒ shows the PL intensity enhancement dependence on the distance between the SWNTs and the rough Au surface, obtained by the exci- tation wavelength of 658 nm. The enhancement shows a maximum value of about 15 nm, which indicates the contribution of competing processes. The metal surfaces play both the role of a strong localized electric field generator and energy dissipation sink. 17, 18 Hence, the PL of carbon nanotubes on metal surfaces is totally determined by two competing processes: shortening of the excited state lifetime by the energy transfer to the metal surface and enhancement of the absorption rate due to the localized surface plasmon. 17, 18 The PL enhancement factor, defined as a function of distance d and wavelength of the excitation laser light exc. , can be approximately described as follows:
where ␥ rad and ␥ nonrad are the radiative and nonradiative decay rates of the excitons, respectively, ␥ nonmetal is the exciton energy transfer rate from the SWNTs to the metal surface, and P͑ exc. , d͒ = ͉E͑ exc. , d͒ / E 0 ͉ 2 is the electric field intensity enhancement due to the localized surface plasmon resonance. The distance dependence of P͑ exc. , d͒ is calculated from the FDTD simulation, as shown in inset of Fig. 4͑b͒ . Furthermore, the ␥ nonmetal is assumed to be the surface transfer rate ͑ϰ1 / d 4 ͒, 19 which is determined by the nonradiative energy transfer from the SWNT to the metal surface. In Fig. 4͑b͒ , the calculated PL intensity enhancement using Eq. ͑1͒ is plotted as a solid line and the calculated result reproduces the maximum PL enhancement behavior at the intermediate distance. From this result, the experimentally observed PL enhancement of SWNTs on the rough Au surfaces is determined by the two competing processes of electric field enhancement, due to the surface plasmon, and the energy transfer from the SWNTs to the metal surfaces. As the electric field enhancement due to the localized surface plasmon resonance does not occur on the flat Au surface, the PL intensity is dominated by the nonradiative energy transfer process. Thus, the observed experimental result of PL quenching on the flat Au surface in Fig. 1͑c͒ can be explained by the model described above.
In summary, we demonstrated PL intensity enhancement of single carbon nanotubes due to localized surface plasmons. The PL intensity of the SWNTs on the rough Au surface is enhanced by about three times compared to that on the fused silica surfaces. This PL enhancement arises from local field enhancement of the incident light induced by the localized surface plasmons. The improvement of the optical properties in SWNTs using the localized surface plasmon opens pathways for applying SWNTs to various optoelectronic devices and applications. 
